First-principles calculations for clean and In-rich GaN͑112 គ 2͒ surfaces indicate that indium will, for the same indium chemical potential, incorporate in higher concentrations on the ͑112 គ 2͒ surface than on the ͑101 គ 0͒ surface. Because In atoms are larger than Ga atoms, there is a strain-induced repulsive interaction between incorporated In atoms on the surface. This interaction is weaker on the ͑112 គ 2͒ surface in comparison to the ͑101 គ 0͒ surface. © 2009 American Institute of Physics. ͓doi:10.1063/1.3240401͔ Semipolar surfaces are under intense investigation as possible substrates for the growth of InGaN quantum wells having indium concentrations suitable for green lasers and light emitting diodes ͑x In ϳ 0.25͒. [1] [2] [3] One reason for this interest is that semipolar surfaces are expected to reduce the polarization fields in InGaN quantum wells. 4 In addition, such surfaces offer the possibility of higher indium incorporation. Semipolar surfaces such as ͑101 គ 1͒ and ͑112 គ 2͒ expose binding sites for Ga and In atoms that may accommodate the relatively larger In atoms more easily than the sites available on the ͑0001͒ and ͑101 គ 0͒ surfaces. 5 In this work, we investigate indium incorporation on the ͑112 គ 2͒ surface by calculating the relative stability of surfaces having a variety of structures and indium concentrations as a function of the indium chemical potential. The calculations indicate that indium will, over a wide range of growth conditions, incorporate in higher concentrations on the ͑112 គ 2͒ surface than on the ͑101 គ 0͒ surface. Semipolar surfaces are expected to alleviate the problem of electric fields 4 in InGaN optoelectronic devices. These electric fields arise from discontinuities in the spontaneous and piezoelectric polarization at interfaces between alloys having different indium composition. 6 The fields give rise to a separation of electrons and holes in the active region, and thereby reduce the internal quantum efficiency. Calculations by Romanov et al. 4 predicted that the polarization discontinuity at the interface between In 0.2 Ga 0.8 N and GaN is reduced from 0.30 C / m 2 for an ͑0001͒ interface to about −0.05 C / m 2 for the ͑112 គ 2͒ orientation. Following Romanov et al., 4 but employing updated values 6 for the piezoelectric coefficients ͑e 33 , e 31 , and e 15 ͒ for GaN and InN, and including the effect of bowing in the calculation of the spontaneous polarization, one obtains the results shown in Fig. 1 . The GaN͑112 គ 2͒ surface normal forms an angle of about 58°with respect the bulk ͓0001͔ axis. Figure 1 therefore indicates that the polarization discontinuity at a ͑112 គ 2͒ interface between In x Ga 1−x N and GaN would indeed be very low for indium concentrations required for green lasers ͑x In ϳ 0.25͒.
First-principles calculations for clean and In-rich GaN͑112 គ 2͒ surfaces indicate that indium will, for the same indium chemical potential, incorporate in higher concentrations on the ͑112 គ 2͒ surface than on the ͑101 គ 0͒ surface. Because In atoms are larger than Ga atoms, there is a strain-induced repulsive interaction between incorporated In atoms on the surface. This interaction is weaker on the ͑112 គ 2͒ surface in comparison to the ͑101 គ 0͒ surface. © 2009 American Institute of Physics. ͓doi:10.1063/1.3240401͔ Semipolar surfaces are under intense investigation as possible substrates for the growth of InGaN quantum wells having indium concentrations suitable for green lasers and light emitting diodes ͑x In ϳ 0.25͒. [1] [2] [3] One reason for this interest is that semipolar surfaces are expected to reduce the polarization fields in InGaN quantum wells. 4 In addition, such surfaces offer the possibility of higher indium incorporation. Semipolar surfaces such as ͑101 គ 1͒ and ͑112 គ 2͒ expose binding sites for Ga and In atoms that may accommodate the relatively larger In atoms more easily than the sites available on the ͑0001͒ and ͑101 គ 0͒ surfaces. 5 In this work, we investigate indium incorporation on the ͑112 គ 2͒ surface by calculating the relative stability of surfaces having a variety of structures and indium concentrations as a function of the indium chemical potential. The calculations indicate that indium will, over a wide range of growth conditions, incorporate in higher concentrations on the ͑112 គ 2͒ surface than on the ͑101 គ 0͒ surface. Semipolar surfaces are expected to alleviate the problem of electric fields 4 in InGaN optoelectronic devices. These electric fields arise from discontinuities in the spontaneous and piezoelectric polarization at interfaces between alloys having different indium composition. 6 The fields give rise to a separation of electrons and holes in the active region, and thereby reduce the internal quantum efficiency. Calculations by Romanov et al. 4 predicted that the polarization discontinuity at the interface between In 0.2 Ga 0.8 N and GaN is reduced from 0.30 C / m 2 for an ͑0001͒ interface to about −0.05 C / m 2 for the ͑112 គ 2͒ orientation. Following Romanov et al., 4 but employing updated values 6 for the piezoelectric coefficients ͑e 33 , e 31 , and e 15 ͒ for GaN and InN, and including the effect of bowing in the calculation of the spontaneous polarization, one obtains the results shown in Fig. 1 . The GaN͑112 គ 2͒ surface normal forms an angle of about 58°with respect the bulk ͓0001͔ axis. Figure 1 therefore indicates that the polarization discontinuity at a ͑112 គ 2͒ interface between In x Ga 1−x N and GaN would indeed be very low for indium concentrations required for green lasers ͑x In ϳ 0.25͒.
The total energy calculations reported here for InGaN͑112 គ 2͒ surfaces are based on a pseudopotential density functional methodology [7] [8] [9] as employed in prior work for the m-plane and c-plane surfaces. 10 The Ga 3d and In 4d electrons are included as valence states. The plane wave cutoff is 60 Ry and the k-point grid is 4 ϫ 4 ϫ 1. For the ͑112 គ 2͒ surface, the unit cell is spanned by the orthogonal vectors e 1 =1/ 3͓1123͔ and e 2 = ͓1 គ 100͔. For a structurally relaxed In 0.25 Ga 0.75 N system, the lengths of these lattice vectors are 6.24 and 5.65 Å. Because the InN bond is ϳ11% longer than the GaN bond these values are a factor 1.028 larger than the corresponding theoretical lattice constants of GaN, 6.07 and 5.49 Å. Calculations were performed for GaN͑112 គ 2͒ surfaces modeled as thin slabs containing ten layers of N, and 10+ m layers of Ga, where m = 0, 1, 2, or 3. The back side of the slab was passivated by hydrogenic atoms having charges 3/4 and 5/4. The relative stability of GaN surfaces in which various surface sites are occupied by indium atoms is determined by calculating differences in formation energy, ⌬⍀ = ⌬E − ⌬n Ga Ga − ⌬n N N − ⌬n In In , where ⌬E is the difference in total energy and ⌬n are differences in the number of atoms. Figure 2 displays relative energies for clean GaN͑112 គ 2͒ surfaces. As the Ga chemical potential increases, there is a transition from structure A, in which the surface is terminated by Ga atoms in layer L0, to structure B, which contains an additional adlayer of Ga in layer L1. In the Ga-rich limit, in which Ga = Ga͑bulk͒ , the equilibrium surface has two layers of additional Ga in layers L1 and L2. This structure a͒ Electronic mail: northrup@parc.com. ͑labeled C͒ is illustrated on the right in Fig. 2 . Structure D, in which a third Ga layer is present, is slightly higher in energy, and such a layer would therefore be unstable with respect to its accumulation into a droplet of Ga. These results are in excellent agreement with a recent experimental observation of Ga adlayers on GaN͑112 គ 2͒ surfaces. 11 That study found that Ga accumulation into droplets occurred once the Ga coverage exceeded ϳ1.2ϫ 10 15 / cm 2 , a Ga coverage that is equal to the amount of Ga present in structure C, which is predicted by the present calculations to be stable in the Garich limit.
To address the issue of indium incorporation calculations have been performed for InGaN surfaces with in-plane lattice constants corresponding to GaN and also for relaxed Fig. 4 as a function of In . The key point is that structures with In Ga present in L0 are stable provided that In Ͼ In͑bulk͒ − 0.46 eV. A significant fraction of these indium atoms will be incorporated in the bulk as the layer is overgrown. In contrast, incorporation of indium at ͑101 គ 0͒ surfaces requires a much higher In chemical potential; In Ͼ In͑bulk͒ − 0.07 eV. 10 Thus, indium may be incorporated during growth on the ͑112 គ 2͒ surface over a wider range of growth conditions.
It is instructive to focus on the transition from structures B → C → D. Structure B contains no indium in L0, structure C contains 1 2 monolayer of In Ga in L0, and structure D contains a full monolayer of In Ga . The transition between these three structures takes place within a very small range of In near In = In͑bulk͒ − 0.46 eV. The fact that the transition from B to C occurs at essentially the same chemical potential as the transition from C to D implies that there is a negligible effective interaction between the incorporated In Ga atoms. If the interaction were large and repulsive, then the stability of structures having additional In Ga would require an increase in
In . Such a repulsive interaction between In Ga was noted in studies of the In-rich GaN͑0001͒ surface. 12 The small effective interaction found here for the ͑112 គ 2͒ surface arises from a partial cancellation of the repulsive interaction arising from the strain by an attractive interaction arising from in-plane ͑Color online͒ The relative stability for GaN͑112 គ 2͒ surfaces is shown as a function of Ga . In the Ga-rich limit ͑ Ga = Ga͑bulk͒ ͒ the lowest energy structure is C, which exhibits two layers of Ga in L1 and L2. This structure is shown on the right. Ga atoms are gray, and N atoms are small red spheres. bonding between neighboring indium atoms in layer L0. We have repeated the calculation of energies of structures B, C, and D with unrelaxed in-plane lattice constants corresponding to those of bulk GaN. In this case we find the transition from B to C occurs at In = In͑bulk͒ − 0.42 eV and the transition from C to D occurs at a higher chemical potential, In = In͑bulk͒ − 0.36 eV. The difference in these chemical potentials defines the effective interaction U, which is equal to 0.06 eV. We see that the compressive strain increases the repulsive interaction from U = 0 for the relaxed surface to U = 0.06 eV for the compressively strained ͑pseudomorphic͒ surface. As a result of the compressive strain, a slightly higher chemical potential, In = In͑bulk͒ − 0.42 eV, is required for indium incorporation on a pseudomorphic ͑112 គ 2͒ surface.
For purposes of comparison we discuss In incorporation on the In 0.25 Ga 0.75 N͑101 គ 0͒ surface. Figure 5 illustrates InGaN͑101 គ 0͒ surfaces and Fig. 6 shows their relative energies as a function of In . The calculations were performed for relaxed systems as discussed elsewhere. 10 Structure P in Fig. 5 is a bare GaN surface that is terminated by Ga-N dimers. Replacing Ga atoms in such a surface dimer by In is energetically unfavorable, and incorporation of In would be very low if growth were carried out under conditions in which this structure is stable. 10 Structures Q, R, and S are In adlayer structures, and in addition have 0, 1 2 or 1 monolayer of In Ga incorporated in the GaN layer below this adlayer. Incorporation of In becomes favorable after the transition from structure P to R, which occurs at In = In͑bulk͒ − 0.07 eV. The transition from Q to R would occur at In = In͑bulk͒ − 0.18 eV, and the transition from R to S would occur at In = In͑bulk͒ + 0.02 eV. The difference in these transition energies corresponds to U = 0.2 eV. The effective repulsive interaction between In Ga on the ͑101 គ 0͒ surface is therefore substantially larger in comparison to the analogous interaction on the ͑112 គ 2͒ surface. The large value of U tends to reduce the stability of InGaN͑101 គ 0͒ surfaces having a high concentration of In Ga .
In summary, indium adlayers facilitate In Ga incorporation for both the ͑112 គ 2͒ and ͑101 គ 0͒ surfaces, but indium can incorporate below the adlayer on ͑112 គ 2͒ at a significantly lower indium chemical potential. Consequently the range of growth conditions for which indium can be incorporated is expected to be wider on the ͑112 គ 2͒ surface. 
